Rich human mobility datasets are fundamental for evaluating algorithms pertaining to geographic information systems. Unfortunately, existing mobility datasets-that are available to the research community-are restricted to location data captured through a single sensor (typically GPS) and have a low spatiotemporal granularity. They also lack ground-truth data regarding points of interest and the associated semantic labels (e.g., "home", "work", etc.). In this paper, we present Breadcrumbs, a rich mobility dataset collected from multiple sensors (incl. GPS, GSM, WiFi, Bluetooth) on the smartphones of 81 individuals. In addition to sensor data, Breadcrumbs contains ground-truth data regarding people points of interest (incl. semantic labels) as well as demographic attributes, contact records, calendar events, lifestyle information, and social relationship labels between the participants of the study. We describe the data collection methodology and present a preliminary quantitative analysis of the dataset. A sanitized version of the dataset as well as the source code will be made available to the research community.
INTRODUCTION
Modeling human mobility is gaining importance as cities are experiencing growth and rapid transformations; this modeling demands a good understanding of individual mobility behaviors. Therefore, rich Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for third-party components of this work must be honored. For all other uses, contact the owner/author(s). SIGSPATIAL '19, November 5-8, 2019 , Chicago, IL, USA © 2019 Copyright held by the owner/author(s). ACM ISBN 978-1-4503-6909-1/19/11. https://doi.org/10.1145/3347146.3359341 mobility datasets are fundamental for designing and evaluating algorithms pertaining to human-related geographic information systems (GIS) and for facilitating experimental reproducibility. Their availability have spurred different complex problems around the mobility domain, such as predictive queries [9] , object tracking [21] , trajectory indexing [4] , mobility modeling [1] , and location privacy [19] .
As detailed in Table 1 , many mobility datasets have already been made available to the research community (e.g., [13, 16, 17, 22, 23, 25] ). Unfortunately, these datasets have several limitations, which include: (1) the lack of location data and related information captured from multiple sensors; (2) the unavailability of location data at a high spatiotemporal granularity throughout the data collection;
(3) the lack of ground-truth information regarding participant points of interests (POI); (4) the unavailability of semantic information regarding POIs. For example, despite the proliferation of smartphones equipped with multiple sensors, datasets such as [17, 23, 24] are restricted to location data derived from either GPS, GSM, WiFi or Bluetooth. Gaining access to high granularity multi-sensor location data can lead to richer comparative and compositional studies [16] . Another example relates to the lack of ground-truth and semantic information in existing datasets. This information is crucial for research domains such as social network pattern mining [7, 10] , as it is the only credible way to validate certain semantical results.
In this paper, we introduce Breadcrumbs, a rich mobility dataset that contains high-granularity data from GPS, WiFi, Bluetooth and accelerometer sensors from 81 individuals in Lausanne (Switzerland) for a period of 12 weeks that spanned between March and June 2018. This novel dataset addresses the limitations of the aforementioned datasets: it is enriched with POIs ground-truth annotations (incl. semantic labels), demographic attributes, social relationships, health information, mobility information, calendar events and contact records. This information is especially important given that, in the last decade, there has been an increasing demand to understand the behavior of individuals in multiple domains [15] . In the following sections, we describe the data collection methodology and present a preliminary quantitative analysis of the dataset. A sanitized version of the dataset and the source code will be made available to the research community at https://bread-crumb.github.io.
DATA COLLECTION METHODOLOGY
In order to build the Breadcrumbs dataset, we organized a data collection campaign in Lausanne in the spring of 2018. We recruited participants through a specialized unit called Labex at the University of Lausanne, which manages a pool of around 8,000 individuals ground-truth semantic labels relationships (mostly students) who registered for behavioral experiments. We contacted them by e-mail; those who were interested had to fill a short questionnaire (i.e., a screener) in order to verify their eligibility for the experiment. The main criterion was to have an iPhone with a recent version of iOS ( 11.2.6) and to use it as their main phone. Eligible participants had to sign a consent form. Then, they had to install a mobile application (developed by us) on their smartphones and to keep it installed and running during the whole experiment.
The system architecture for collecting the data is presented in Figure 1 . The sampling (periodic vs. motion-based) and upload (e.g., GSM vs. WiFi) strategies were carefully calibrated so that the impact on the battery life was acceptable, i.e., the battery life of the phone should be at least one day for a normal usage in the best case scenario with a recent model of iPhone. We put in place a number of mechanisms (e.g., backup, replication, notifications) to ensure a reliable and steady collection of data. The mobile application collected data from various sensors: GPS location, WiFi scans (i.e., neighboring SSIDs) and Bluetooth scans (i.e., neighboring UUIDs), and acceleration. The collected data was pre-processed directly on smartphones, for privacy reasons, and then uploaded to our backend where it was stored in a persistent database (see Figure 2 for the complete schema).
. . . In the middle of the experiment, we sent a questionnaire to each participant of the study in order to collect demographic (gender, age, etc.) and lifestyle (sport activities, smocking habits, transportation mode preferences, etc.) information. At the end of the experiment, participants had to fill an exit questionnaire in order for us to collect ground-truth data regarding their POIs (incl. semantic labels) and relationship information (e.g., friendship with other participants). To collect the ground-truth, we first extracted points of interest from their full mobility traces (i.e., over the whole experiment). We tested and compared four different clustering algorithms based on the MDC [13] dataset (same region as Breadcrumbs) and on the Geolife [25] dataset: (1) DJ Cluster [26] , (2) DT Cluster [5] , (3) TD Cluster [12] and (4) Capstone [14] , which operates without parameters. Our selection criteria included the number of returned POIs, the minimum distance between distinct POIs, and the number of parameters. We selected DT Cluster [5] and further processed the returned POIs by merging overlapping POIs (a POI consists of a point on the map and a radius) and removing those that the participants visited less than 3 times over the course of the whole experiment. Each participant was shown the POIs resulting from the analysis of her/his mobility trace, then had to validate/invalidate each of them and to annotate each valid one with a semantic label. The set of possible labels was predefined; it contained the following nine categories: transport, study, residency, work, sustenance, shopping, sports, leisure and other (free-text).
The participants were compensated for their participation with CHF 100 (⇠USD 100) in cash, which they received at the very end of the experiment. The experiment was approved by the ethical committee of our institution.
QUANTITATIVE ANALYSIS
In this section, we report on our preliminary quantitative analysis of the Breadcrumbs dataset and present the different feature sets, alongside with the associated descriptive statistics. The Breadcrumbs dataset contains 34,080,964 records of GPS, WiFi and Bluetooth data points. The aggregate distance travelled by the participants amounts to 548,210 km, and the average distance travelled per participant is 6768 ± 4336 km. We collected the geospatial coordinates at an average of 79 ± 36 points per hour for each participant. The WiFi scans amount to 105 ± 49 SSIDs per hour per participant and the Bluetooth scans result in 7 ± 12 device UUIDs per hour for each participant. Additionally, each participant had an average of 280 ± 183 unique contacts in their contact list. Table 2 shows the total number of records collected by the different sensors as well as other important values (e.g., average, median per user). The summary of the GPS location data is presented in Regarding the demographics, 56.79% of the participants identified as females, as shown in Figure 3a . The largest age groups present in the campaign are 18-21 and 22-27, with 53.09% and 44.44% respectively, as depicted in Figure 3b . In Figure 3c , the most represented civil status group is the "Single" category, i.e., 79.01%. The two most important nationality groups are "Swiss" and "French", 54.32% and 25.93% respectively, as indicated in Figure 3d . In terms of sport activities, 25.93% of the participants do sport exercises less than one hour per week, 50.62% between one and five hours per week and 20.99% more than 5 hours (see Figure 3e ). Figure 3f and Figure 3g show that 72.84% of the participants have a diversified diet and 75.31% are not smoking. Figure 3h indicates that 72.84% participants were enrolled in a bachelor's degree program and 24.69% in a master's degree program. Finally, we observe that most of the participants are studying economics and biology, 24.69% and 14.81% respectively, as seen in Figure 3i . Figure 4 shows the transportation modes utilized during weekdays and weekend by the participants. We observe an increase in the usage of private transportation modes (cars) during the weekend as compared to the weekdays. However, walking and biking habits look similar during the weekdays and the weekend. As shown in Figure 5 , the majority of the POIs correspond to the transport, study and residency semantic labels (top-level categories).
CONCLUSION
In this paper, we have introduced Breadcrumbs, a rich mobility dataset. In addition to demographic attributes, contacts, calendar records and social relationships, we have provided the semantic labels and the ground-truth for the points of interest. We have described the complete data-collection process and our methodology to collect ground-truth information. Our qualitative analysis sheds light on several aspects of this dataset, including the POI distribution. A sanitized version of the dataset as well as the source code will be made available to the research community at https://bread-crumb.github.io to facilitate and advance GIS research. This new dataset opens plenty of promising research avenues, such as the combination of sensor data (GPS, Wifi, Bluetooth, etc.) with demographic data, and the possibility to validate research results with a ground-truth.
